Plasmonic-enhanced polymer photovoltaic devices incorporating solution-processable metal nanoparticles
Organic photovoltaic ͑OPV͒ devices are promising green energy systems that possess many advantageous properties, such as light weight, low cost, fabrication at low temperature, and mechanical flexibility.
1, 2 The introduction of a donor/acceptor bulk heterojunction provides a large phaseseparated interfacial area for efficient exciton dissociation, which dramatically improves the power conversion efficiency ͑PCE͒. 3, 4 The most efficient model donor/acceptor system to date comprises of poly͑3-hexylthiophene͒ ͑P3HT͒ and ͓6,6͔-phenyl-C 61 -butyric acid methyl ester ͑PCBM͒. The corresponding OPV devices exhibit efficiencies of up to 5%. [5] [6] [7] One of the key issues toward achieving high performance is sufficient photon absorption of the photoactive layer, i.e., efficient harvesting of sunlight. Nevertheless, the use of a thicker active layer inevitably leads to increased device resistance because of the low carrier mobilities of organic materials. 8, 9 An alternative approach toward enhanced light absorption without the need for thick films is the exploitation of localized surface plasmon resonance ͑LSPR͒. [10] [11] [12] The excitation of LSPR through the resonant interaction between the electromagnetic field of incident light and the surface electron density surrounding metallic nanoparticles ͑NPs͒ causes local enhancement in the electromagnetic field, which is expected to enhance light harvesting in the OPV devices. [13] [14] [15] [16] In this study, we developed a simple method-doping Au NPs into the poly͑3,4-ethylenedioxythiophene͒:poly͑styrene sulfonate͒ ͑PEDOT:PSS͒ buffer layer-to improve the device performance of OPVs. We also investigated the effect of the Au NP-induced LSPR on the photocurrent. Compared with existing approaches toward plasmonic-enhanced OPVs, the method we report herein is simpler and the size and density of the NPs is easier to control.
To prepare the composite buffer layer, a Au NP solution was blended into the PEDOT:PSS solution at various concentrations. The volume ratios of the Au NP solution were 10%, 20%, and 30%. The Au NP solution was prepared using a procedure based on our previous report. 17 The particles have a somewhat spherical appearance. The average particle size of the Au NPs estimated from scanning electron microscopy ͑SEM͒ images was approximately 30-40 nm. The size of the NPs was intentionally selected in order to let the resonance peak match the absorption of the photoactive layer of the device. The inset of Fig. 1͑a͒ sentation of the device structure. To fabricate the OPV device, the buffer layer was spin-coated onto an indium tin oxide-coated glass substrate and then the system was subjected to thermal annealing at 120°C for 1 h. The inset of Fig. 2 displays a SEM image of the resulting film with its embedded Au NPs. A solution of P3HT/PCBM ͑1:1, w/w͒ in 1,2-dichlorobenzene was spin-coated on top of the buffer layer. After performing a solvent annealing process, 2 the polymer film was thermally annealed at 110°C for 15 min in a glove box. Finally, the metals Ca ͑30 nm͒ and Al ͑100 nm͒ were deposited sequentially through thermal evaporation to form the bilayer cathode. The device area, defined through a shadow mask, was 0.12 cm 2 . The current densityvoltage ͑J-V͒ characteristics of the OPVs were measured using a Keithley 2400 source measure unit. The photocurrent response was obtained under illumination from a 150 W thermal Oriel solar simulator ͑AM 1.5G͒. The illumination intensity was calibrated using a standard Si photodiode equipped with a KG-5 filter ͑Hamamatsu, Inc.͒. 18 The absorption spectra of Au NPs were measured using a Perkin-Elmer Lambda 950 ultraviolet/visible/near infrared spectrometer. Figure 1͑a͒ displays the J-V characteristics, recorded under 100 mW cm −2 illumination ͑AM 1.5G͒, of the OPV devices prepared with buffer layers incorporating various amounts of Au NPs. The reference device prepared with pristine PEDOT:PSS exhibited an open-circuit voltage ͑V oc ͒ of 0.59 V, a short-circuit current ͑J sc ͒ of 8.95 mA cm −2 , and a fill factor ͑FF͒ of 65.9%. The calculated PCE was 3.48%. After the addition of Au NPs to the buffer layer, the values of V oc remained unchanged ͑0.59 V͒ but the FFs improved considerably ͑Table I͒. We also observed a noticeably upward trend in the values of J sc after introducing the Au NPs. For the devices prepared with PEDOT:PSS blended with 10% and 20% Au NP solutions, these values were 9.50 and 10.18 mA cm −2 , respectively, with the PCEs increasing to 3.89% and 4.19%, respectively. On the other hand, a further increase in the concentration of the Au NP solution to 30% led to a decrease in the value of J sc , presumably due to enhanced backward scattering and/or increased resistivity of the buffer layer. From the result of the four-point probe measurement, we found that the resistivity of the buffer layers increased after embedding the Au NPs ͑Table I͒. We suspect that this behavior arose from a possible change in the morphology of the PEDOT:PSS blend. Accordingly, the values of the device series resistance ͑R s ͒ extracted from the inverse slopes of the dark J-V curves at a voltage of 1.5 V also increased after incorporating the Au NPs ͑Table I͒, revealing that the enhanced performance of the OPV devices did not result from a reduction in device resistance. Table I summarizes the device characteristics. Figure 1͑b͒ displays the incident photon-to-electron conversion efficiency ͑IPCE͒ curves of our various devices. The trends in the IPCE follow those for the values of J sc . Within the wavelength range from 400 to 600 nm, the photocurrent increased notably after incorporating the Au NPs. The wavelength range of spectral response enhancement coincides with the excitation range of Au NPs ͑Fig. 2͒, indicating that excitation of the LSPR indeed improved the photocurrent. Note that the absorption peak of the Au NP solution was located at approximately 530 nm, whereas that of the Au NPs embedded in the PEDOT:PSS blend was located at approximately 490 nm ͑Fig. 2͒. This phenomenon is associated with the resonance peak of NPs depending strongly on their surrounding media. 13, 14, 16 To further investigate the underlying mechanism responsible for the enhanced performance of the devices, we compared the maximum exciton generation rates ͑G max ͒ and exciton dissociation probabilities for devices prepared using pristine PEDOT:PSS and PEDOT:PSS doped with 20% Au NP solution, following the analytical approach reported by Mihailetchi and co-workers. 19, 20 Figure 3 reveals the effect of the LSPR on the photocurrent density ͑J ph ͒. We determined the value of J ph using the equation 19, 20 the enhanced value suggests that the incorporation of the Au NPs increased the degree of light harvesting in the devices.
The exciton dissociation probability can be obtained from the normalized photocurrent density ͑J ph / J sat ͒.
19,21 After incorporating 20% Au NP solution in the PEDOT:PSS blend, the exciton dissociation probability under the shortcircuit condition ͑V a =0 V͒ increased from 78.7% to 84.9%, indicating that excitation of the LSPR facilitated the excitons to dissociate into free carriers. In general, an increase in the exciton dissociation probability reduces the recombination rate and, therefore, improves the FFs of OPVs. 22, 23 Consequently, we primarily attribute the increased FF observed in Fig. 1 to the increased exciton dissociation probability resulting from the local enhancement in the electromagnetic field originating from excitation of the LSPR.
In summary, we have improved the device performance of OPVs after blending Au NPs into the PEDOT:PSS layer. The unique optical properties of the LSPR, induced by the Au NPs, led to a noticeable enhancement in the photocurrent. From the observed increase in the FF, we deduced that excitation of the LSPR increased not only the rate of exciton generation but also the probability of exciton dissociation. Finally, we note that this approach is quite simple and may be suitable for application to the low-temperature processes used to form flexible OPVs on plastic substrates. This study was supported by the National Science Council, Taiwan, and the ATU plan of the Ministry of Education, Taiwan, under Grant Nos. NSC 96-2628-E-009-022-MY2 and 98-ET-E-009-005-ET. FIG. 3 . ͑Color online͒ Plots of photocurrent density ͑J ph ͒ with respect to the effective bias ͑V eff ͒ for devices incorporating pristine PEDOT:PSS and PEDOT:PSS containing 20% Au NP solution.
